Although B cells are traditionally known for their role in propagating proinflammatory immune responses, their immunosuppressive effects have only recently begun to be appreciated. How these regulatory B cells (B regs ) suppress the immune response remains to be worked out in detail. In this article, we show that B regs can induce the formation of conventional FoxP3 ϩ regulatory T cells (T regs ), as well as a more recently described CD49b ϩ CD223 ϩ regulatory T-cell subset, known as type 1 regulatory T cells (Tr1s). When B regs are transferred into mice with experimental autoimmune encephalomyelitis (EAE), a mouse model of multiple sclerosis, they home to the spleen and mesenteric lymph nodes, leading to an expansion of T regs and Tr1 in vivo. T regs and Tr1s are also found in greater proportions in the CNS of mice with EAE treated with B regs and are correlated with the remission of symptoms. The discovery that B regs induce the formation of regulatory T-cell subsets in vivo may herald their use as immunosuppressive agents in adoptive cellular therapies for autoimmune pathologies.
Introduction
Regulatory B cells (B regs ) have been ascribed important antiinflammatory functions in a multitude of autoimmune conditions in both humans and mice, including colitis, arthritis, and neuroinflammatory disorders (Mauri et al., 2003; Evans et al., 2007; Blair et al., 2010; Ray et al., 2011; Yang et al., 2012) . B regs are functionally defined by their ability to inhibit overt inflammatory responses via the production of immunosuppressive cytokines, predominately interleukin (IL)-10, transforming growth factor-␤ (TGF-␤), and, more recently, IL-35 (Tian et al., 2001; Fillatreau et al., 2002; Shen et al., 2014; . A functional definition remains the current standard of classifying B regs due to a lack of consensus regarding subset-defining cell surface marker expression or a lineage-specific transcription factor Tedder, 2015) . The role that IL-10secreting B regs play in disease has been most well documented in experimental autoimmune encephalomyelitis (EAE), a murine model of the human demyelinating disease, multiple sclerosis (MS; Ray et al., 2014) . Various groups, including our own, have shown that the adoptive transfer of B regs into mice with EAE can lead to durable remission of symptoms (Matsushita et al., 2008; Rafei et al., 2009; Ray and Basu, 2014) . However, the basic mechanisms that underscore how B regs may induce EAE remission in vivo remain unknown. The fact that IL-10 and MHC-II have been reported to be critical for B reg -mediated immunosuppression in EAE have steered the investigation toward interactions between B regs and CD4 ϩ T cells, which initiate and drive EAE through cognate antigen recognition by MHC-II and the pathologic secretion of IL-17 in a particular subset of these cells [T helper type 17 (Th17) cells; Rafei et al., 2009; Yoshizaki et al., 2012] .
While B cells have traditionally been thought of as augmenting proinflammatory responses of CD4 ϩ T cells, B regs have been reported to suppress interferon (IFN)-␥-secreting Th1 effector functions in favor of Th2-like responses (Lund and Randall, 2010) . B regs have also been reported to dampen overt inflammation by inducing FoxP3 ϩ CD4 ϩ regulatory T cells (T regs ) in transplant models of islet allografts and collagen-induced arthritis Lee et al., 2014) . Further, B regs have been shown to induce the formation of IL-10-secreting, FoxP3 Ϫ regulatory CD4 ϩ T cells, known as type 1 regulatory T cells (Tr1s), in mouse models of lupus and collagen-induced arthritis (Gray et al., 2007; Blair et al., 2010) . However, B reg induction of regulatory T-cell function in EAE has not been demonstrated.
In an effort to elucidate the effect of B regs on the induction of regulatory T-cell responses in vivo, we sought to determine how B reg treatment of mice with myelin oligodendrocyte glycoprotein (MOG) 35-55 -induced EAE alters the CD4 ϩ T-cell compartment in a green fluorescent protein (GFP)/IL-10 reporter mouse model. Using a recombinant, bacterially derived fusion protein consisting of granulocyte-macrophage colony-stimulating factor (GMCSF) and IL-15 (GIFT15; Rafei et al., 2009; Pennati et al., 2014) , we show that GIFT15 can convert splenic B cells into IL-10-secreting B regs (GIFT15 B regs ). In addition to IL-10 secretion, we report for the first time that GIFT15 B regs also secrete IL-27, a cytokine that is critical for the induction of Tr1s (Awasthi et al., 2007; Murugaiyan et al., 2009; Gagliani et al., 2013) . In accordance with this observation, GIFT15 B regs are capable not only of inducing IL-10-producing CD25 ϩ FoxP3 ϩ T regs , but also CD49b ϩ CD223 ϩ Tr1s, in an antigen-specific manner. GIFT15 B regs home to the spleen and mesenteric lymph nodes (MLNs) when adoptively transferred into mice and induce the remission of disease in mice with EAE. Treatment of these mice with GIFT15 B regs correlated with increased T reg and Tr1 subsets in the spleen, MLN, and CNS. This is the first report to demonstrate that IL-10-secreting B regs are capable of inducing regulatory CD4 ϩ T-cell responses in vivo in an autoimmune, neuroinflammatory disorder.
Materials and Methods

Ethics statement
All animal experiments were approved by the Institutional Animal Care and Use Committee at Emory University and were performed using accepted veterinary standards. C57BL/6, B6(Cg)-Il10 tm1.1Karp/ J (Vert-X) mice were purchased from The Jackson Laboratory. C57BL/6-Tg(Act-EGFP)C14-Y01-FM131 Osb mice were a gift from Dr. Masaru Okabe (Osaka University, Osaka, Japan) and are maintained by Dr. David Archer at Emory University. The luciferase-expressing (luc ϩ ) transgenic C57BL/6 mice (B6-L2G85) were a gift from Dr. Edmund K. Waller, Emory University, Atlanta, GA, USA. Female mice between 6 and 20 weeks of age were used, and were killed using CO 2 .
Generation of GIFT15 B regs and phenotyping
B cells were isolated from the spleens of wild-type C57BL/6 mice by negative selection (Stem Cell Technologies) and stimulated with 10 g/ml recombinant bacterial-derived GIFT15 for 72-96 h. GIFT15 B regs were assayed by flow cytometry of surface marker expression (CD1d, CD5, CD19, CD21, CD24, CD38, CD40, CD86, IgM, H-2kb, I-Ab, PD-L1, PD-1, and their respective isotype controls, BD Biosciences; and CD80, IgD, and PD-L2, eBioscience). Briefly, B cells or GIFT15 B regs were harvested from culture, incubated with CD16/32 (Fc Block) antibodies for 30 min, followed by cell surface marker staining with fluorochromeconjugated antibodies for an additional 30 min at 4°C before flow cytometry analysis. Supernatant from untreated, and GMCSF-, IL-15-, and GIFT15-treated B cells were analyzed for cytokine secretion (IL-10, IL-27, and TGF-␤, eBioscience; IL-35, BioLegend; and TNFSF18/ glucocorticoid-induced tumor necrosis factor receptor (TNFR)-related protein (GITR) ligand, RayBiotech).
In vitro coculture
B cells and CD4 ϩ T cells were isolated by negative selection (STEMCELL Technologies) per manufacturer protocol. CD4 ϩ T cells were placed into coculture with freshly isolated splenic B cells (derived from C57BL/6 mice by negative selection) or GIFT15 B regs at a ratio of 2:1. CD4 ϩ T cells were stimulated with anti-CD3/28 DynaBeads (ThermoFisher Scientific) and analyzed by flow cytometry for GFP/IL-10 expression 72 h postculture. In MOG 35-55 peptide restimulation cocultures, cells from the spleens or MLNs of Vert-X mice exhibiting symptoms of EAE (clinical score, 1-2) were placed into culture with B cells or GIFT15 B regs in the presence of MOG 35-55 peptide (10 g/ml; Sigma-Aldrich; see below for MOG 35-55 -induced EAE) at a ratio of 2:1. CD4 ϩ T cells were analyzed by flow cytometry for GFP/IL-10, CD25, FoxP3, CD49b, and CD223 expression 72 h postculture.
Western blot analysis
Cells were extracted in lysis buffer (Cell Signaling Technology) supplemented with 1 mM phenylmethylsulfonyl fluoride and 1ϫ protease inhibitor (ThermoFisher Scientific). Samples were separated by SDS-PAGE and immunoblotted for phospho-STAT3 (1:1000), phospho-STAT5 (1:1000), phospho-Akt (1:500), phospho-IKB (1: 500), phospho-p38 (1:500), phospho-JNK (1:500), phospho-Erk1/2 (1:500), STAT3 (1:2000), STAT5 (1:2000) , and Erk1/2 (1:1000). All antibodies were obtained from Cell Signaling Technology.
Adoptive transfer of GIFT15 B regs or B cells
A donor mouse was killed, and the spleen was removed. Lymphocytes were prepared as a single-cell suspension, and B cells were isolated with a STEMCELL Technologies kit. After culture for 4 -5 d in complete R10 media with the addition of recombinant GIFT15 (10 ng/ml), the cells were collected and washed twice in PBS. Each mouse received 2 million cells in 0.2 ml of PBS. Recipient mice were injected intravenously by tail vein injection using a small-gauge (28 ga) needle.
Biodistribution of GIFT15 B regs
GIFT15 B regs were generated by coculturing CD19 ϩ B cells purified from B6/L2G85 mice splenocytes in complete R10 media with 10 ng/ml recombinant mouse GIFT15 at a cell density of 0.5 ϫ 10 6 cells/ml for 4 -5 d. A total of 5 ϫ 10 6 B6-L2G85-GIFT15-B regs or B6-L2G85-B cells were intravenously injected into syngeneic EAE C57BL/6 mice with a clinical score of at least 1 or 2. The mice were injected subcutaneously with luciferin (150 mg/kg body weight) before imaging on the In Vivo Imaging System (IVIS; Xenogen) in the core facility at the Winship Cancer Institute. Alternatively, GIFT15 B regs were generated from GFP B cells and infused into EAE mice. After 1 week, the animals were killed, and MLN, spleen, and CNS were harvested for analysis. White cells were isolated and analyzed by flow cytometry for the presence of GFP.
Cells isolation and flow cytometry procedures for MLN, spleen, and CNS leukocytes
Spleens and mesenteric lymph nodes were dissected postmortem and collected in RPMI medium (Lonza). For the preparation of splenocytes and lymph node cells, organs were mashed through a 70 m cell strainer (BD Biosciences), as previously described (Domingues et al., 2010) , and erythrocytes from spleens were lysed using Red Cell Lysis Buffer (Sigma-Aldrich).
At different time points, mice (n ϭ 10) were perfused intracardially with ice-cold Dulbecco's PBS (DPBS) without Ca 2ϩ and Mg 2ϩ . Brains and spinal cords were extracted and immediately homogenized with a plunger in RPMI medium. The cell suspension was centrifuged at 300 ϫ g for 5 min at room temperature. The supernatant was aspirated, and cells were gently resuspended in 37% Percoll (GE Healthcare). The cell suspension was underlaid beneath 80% Percoll and centrifuged at 600 ϫ g for 25 min, with slow acceleration and deceleration rates. The cell ring at the interphase was collected and mixed thoroughly with DPBS containing 2% FBS (FACS buffer). Cells were then centrifuged at 300 ϫ g for 5 min and washed twice with FACS buffer.
For the detection of cell surface markers, cells were stained in FACS buffer with the different fluorochrome-labeled monoclonal antibodies. Cells were incubated for 30 min on antibodies at 4°C. Flow cytometry analysis and data acquisition were performed using a FACSCanto II Cell Analyzer (BD Biosciences), and the data analysis was performed with FACSDiva Software (BD Biosciences).
Experimental autoimmune encephalomyelitis induction and analysis
We induced and scored EAE, as previously described (Nicholson et al., 1995; Miller et al., 2010) . Briefly, EAE was induced by subcutaneous injection of 50 g of MOG 35-55 (Sigma-Aldrich) emulsified in complete Freund's adjuvant (Difco, BD) containing 5 mg/ml H37Ra Mycobacterium tuberculosis. On day 0 and 2, 100 ng of pertussis toxin (Sigma-Aldrich) was administered by intraperitoneal injection. Three independent experiments were conducted (n ϭ 6). Mice were sex and age matched (6 -10 weeks of age), and we scored them blinded for the daily treatment group.
EAE clinical scores were graded as follows: 0, normal; 1, flaccid tail; 2, hindlimb weakness; 3, flaccid tail with paralysis of one front or one hindleg; 4, complete hindlimb paralysis and partial front leg paralysis; 5, tetraplegia, moribund, or death. Mice with a clinical score Ն0.5 were included. Mice that did not show any symptoms (clinical score, 0) on the first day of treatment were excluded. Randomization was performed to ensure the same starting average clinical score for each group.
Histopathology
Spinal cords and brains from mice intracardially perfused with 4% (w/v) paraformaldehyde were dissected and postfixed overnight. Paraffinembedded sections were stained with hematoxylin and eosin (H&E) or Luxol Fast Blue (LFB), and were examined by light microscopy. Semiquantitative analysis of inflammation and demyelination were performed in a blinded manner.
Statistical analysis
All statistical analyses were performed using Prism 6 Software. Unless otherwise indicated, tests of statistical significance were conducted using a two-tailed Student's t test. Data display normal variance. p Values Ͻ0.05 were considered to be statistically significant.
Results
Recombinant GIFT15-induced regulatory B-cell phenotype
We have previously reported that a fusion protein consisting of GMCSF and IL-15 possesses the ability to convert splenic B cells into IL-10-secreting B regs (GIFT15 B regs ; Rafei et al., 2009 ). Beyond IL-10 secretion, we sought to determine whether published cell surface markers, CD1d and CD5, were expressed in GIFT15 B regs . To do so, we used the GFP/IL-10 (Vert-X) reporter mouse model (Madan et al., 2009) to specifically identify IL-10-secreting GIFT15 B regs . In contrast to wild-type C57BL/6-derived B cells, a subset of splenic B cells derived from Vert-X mice became GFP/ IL-10 ϩ after 72 h of GIFT15 treatment in vitro (Fig. 1A) . Consistent with previous reports, this subset of GFP/IL-10 ϩ GIFT15 B regs expressed higher surface levels of CD1d and CD5 compared with GFP/IL-10 Ϫ GIFT15 B regs ( p ϭ 0.0004 and p ϭ 0.0006, respectively; Fig. 1A ). Compared with GMCSF and IL-15-treated B cells, GIFT15 Bregs also had differential expression of coinhibitory molecules and their ligands, such as PD-1 (CD279), PD-L1 (CD273), and PD-L2 (CD274). We found that, compared with control cytokine treatment, GIFT15 B regs uniformly upregulated PD-1 ( p Ͻ 0.0001) expression and expressed higher levels of PD-L1 ( p ϭ 0.03), but not of PD-L2 ( Fig. 1B ). GIFT15 B regs secrete high levels of IL-10, which we verified by ELISA (Fig. 1C ). We also detected the secretion of IL-27 by GIFT15 B regs , but did not detect any IL-35, TGF-␤, or TNFSF18, a soluble ligand for GITR (Fig. 1C ). In an effort to find a B reg subset-defining surface marker signature, we compared GFP/IL-10 ϩ GIFT15 Bregs with their GFP/IL-10 Ϫ counterparts based on their expression of markers related to maturation (IgM, IgD, and CD38), antigen presentation (MHC-I, H-2kb; MHC-2, I-Ab), costimulation (CD24, CD80, CD86, and CD40), and components of the B-cell coreceptor complex (CD19 and CD21), as well as CD23, a negative regulator of B-cell receptor signaling. GFP/IL-10 ϩ GIFT15 Bregs expressed the more costimulatory CD80 and CD21, but less surface IgD compared with their GFP/IL-10 Ϫ counterparts ( Fig.  2A ). However, in comparison, splenic B cells treated with GMCSF and IL-15, GIFT15 B regs , expressed higher levels of antigen presentation (H-2kb and I-Ab) and costimulatory markers (CD24, CD40, CD80, and CD86; Fig. 2B ). GIFT15 B regs also expressed less surface IgM and B-cell receptor inhibitory CD23 compared with control cytokine-treated splenic B cells ( Fig. 2B ).
To determine how GIFT15 may induce conversion of splenic B cells into GIFT15 B regs , GIFT15 signaling was investigated. The activation status of signal transduction and activator of transcription (STAT) proteins, which are the canonical molecules by which GMCSF and IL-15 transduce their signal, was assayed. Treatment of mouse splenocytes with GIFT15 showed that, distinct from GMCSF and IL-15 treatment, GIFT15 induces STAT3 phosphorylation and activation in the absence of STAT5 activation with delayed kinetics (Fig. 3A) . Biochemically, GIFT15 drives STAT3 phosphorylation later than GMCSF and IL-15 treatment, and STAT3 remains phosphorylated for at least 48 h post-treatment in the absence of STAT5 phosphorylation (Fig.  3B ). In addition to this unopposed STAT3 activation event, we interrogated other noncanonical signaling pathways that have been associated with GMCSF and ␥-chain signaling (Fig. 3C ). Fifteen minutes post-treatment, both GMCSF and IL-15, and GIFT15 treatment induced phosphorylation of Erk1/2 (p44/42 MAPK), but this effect was transient. Both GMCSF and IL-15, and GIFT15 also induced sustained Akt phosphorylation.
GIFT15 B regs induce IL-10 expression in activated CD4 ؉ T cells in vitro
To determine the immunoregulatory effects of GIFT15 B regs , we used an in vitro coculture system. CD4 ϩ T cells isolated from naive Vert-X mice were placed into coculture with splenic B cells or GIFT15 B regs to determine whether GIFT15 B regs could induce IL-10 expression by CD4 ϩ T cells. In steady-state conditions, without cognate antigen or polyclonal activation, neither B cells nor GIFT15 B regs induced IL-10 expression in CD4 ϩ T cells. CD4 ϩ T cells gained the ability to produce IL-10 when stimulated with anti-CD3/28 beads in the presence of GIFT15 B regs , but not in the presence of splenic B cells ( p ϭ 0.02; Fig. 4A ). We next sought to determine whether more physiological stimulation of CD4 ϩ T cells by cognate antigen could recapitulate this effect. GIFT15 B regs or splenic B cells were cocultured with CD4 ϩ T cells derived from the spleens or MLNs of Vert-X mice with EAE and restimulated with MOG 35-55 peptide (Fig. 4B ). Compared with anti-CD3/28 bead stimulation, we were unable to detect significantly greater levels of IL-10 expression in MOG 35-55 restimulated CD4 ϩ T cells in the presence of GIFT15 B regs compared with splenic B cells. However, we detected significantly greater proportions of CD4 ϩ T cells that were conventional CD25 ϩ FoxP3 ϩ T regs from both the spleens and MLNs of these mice when cocultured with GIFT15 B regs (p ϭ 0.001 and p ϭ 0.01, respectively; Fig.  4B,C) . Further, a significantly higher proportion of CD4 ϩ T cells from the MLNs of Vert-X mice with EAE were of the CD49b ϩ CD223 ϩ Tr1 phenotype when cocultured with GIFT15 B regs compared with splenic B cells (p ϭ 0.04; Fig. 3C ).
Dynamic distribution of GIFT15 B regs
Homing of GIFT15 B regs was first studied after a single intravenous infusion in EAE mice followed by in vivo imaging with the use of luciferase-expressing transgenic B cells. Purified B cells from B6-L2G85 mouse splenocytes were stimulated with recombinant mouse GIFT15 to generate B6-L2G85-GIFT15 B regs , which were tail vein injected into EAE C57BL/6 mice (5 ϫ 10 6 cells per mouse). Alternatively, nonstimulated B cells (5 ϫ 10 6 ) were injected as a control. Mice were then imaged using a Xenogen IVIS bioluminescent imager for 3 min at small binning. Pseudocolored scale shows by day 2 varying light emittance throughout the gut (Fig. 5A) . By day 5, the highest light intensity of the B6-L2G85-GIFT15 B regs was localized in the spleen. No signal was detectable after 10 d. Minor diffuse light was transiently noticeable in the gut of mice treated with B6-L2G85 B cells during the first 7 d (Fig. 5A ). The disease score did not affect the distribution of B6-L2G85 B cells or B6-L2G85-GIFT15 B regs into EAE C57BL/6 mice.
To have a better understanding of the migratory patterns of GIFT15 B regs , transgenic animals expressing enhanced GFP under the chicken ␤-actin promoter (Okabe et al., 1997) were used as B-cell donors. GIFT15 B regs generated from these mice (GFP-GIFT15 B regs ) were then adoptively transferred into a wild-type recipient with EAE. After 5 d, the recipient C57BL/6 mice were killed, and the cell contents within the spleen and MLN were analyzed by flow cytometry. GFP-labeled cells were observed in MLNs and spleens of EAE mice that received GFP-GIFT15 B regs . No signal was detectable in the CNS of any animal in either spleen or MLN collected from the animal treated with GFP-B cells (Fig. 5B) .
T-cell dynamics in MLN and spleen after adoptive transfer of GIFT15 B regs
We have shown that GIFT15 Bregs generated with the mammalian-derived GIFT15 were able to reverse EAE in mice Rafei et al., 2009) . To verify whether this therapeutic effect was reproducible by GIFT15 B regs generated with bacterial-derived GIFT15 (Pennati et al., 2014) , we injected EAE C57BL/6 mice with 2 ϫ 10 6 GIFT15 B regs every 10 d and followed the disease score over time. Clinical attenuation of the disease score was observed in mice treated with GIFT15 B regs (Fig. 6A ). Complete and stable remission was achieved 1 month after adoptive transfer. In mice treated with B cells (control group), there was no suppression or clinical amelioration of EAE disease (Fig. 6A) .
To better understand the effect of GIFT15 B regs on CD4 ϩ T cells in MLN and spleen, EAE C57BL/6 mice were intravenously infused with GIFT15 B regs or B cells; organs were collected at 1, 2, and 4 weeks after adoptive transfer; and lymphoid cells were isolated and analyzed by flow cytometry (Fig. 6B) .
Within the first week, a higher frequency of CD4 ϩ T cells was observed in the spleens of the animals that received GIFT15 B regs relative to those of the control animals. The two most well known types of regulatory CD4 ϩ T cells are CD25 ϩ and FoxP3 ϩ (T regs ); and CD49b ϩ , CD223 ϩ , and IL-10 ϩ (Tr1s; Pellerin et al., 2014) . To determine whether GIFT15 B regs treatment altered the regulation of CD4 ϩ T-cell content, and if so, whether it was due to differences in T regs or Tr1 populations, we performed further subset analyses. An increase of T regs was observed in the GIFT15 B regs -treated group as well as of Tr1s ( p ϭ 0.006, p ϭ 0.001 respectively; Fig. 6C) . A moderate increase in CD4 ϩ T cells was also observed in the MLN with an increased frequency of Tr1s ( p ϭ 0.03) and T regs ( p ϭ 0.002; Fig. 6C ). Figure 2A markers was also assessed between GMCSF-and IL-15-treated splenic B cells compared with GIFT15 B regs generated from wild-type C57BL/6 mice.
After 2 weeks, no major differences were noticeable in the spleen between GIFT15 B reg -treated mice and controls, whereas in the MLN of GIFT15 B reg -treated mice a modest surge of CD4 ϩ T cells was still present. Further analysis showed expansion of both T regs and Tr1s in the MLNs of mice in the GIFT15 B reg -treated group compared with controls (p ϭ 0.03 and p ϭ 0.05 respectively; Fig. 6C ).
At 1 month after adoptive transfer, no major differences were noticeable in the MLNs, whereas in the spleens of the mice that received GIFT15 B regs , there was a sustained increase in Tr1s ( p ϭ 0.02; Fig. 6C ).
Leukocyte dynamics in the CNS of EAE mice after adoptive transfer of GIFT15 B regs
To determine both the extent and the composition of CNSinfiltrating cells, and the subsequent changes in clinically improved animals, spinal cords and brains were examined for leukocyte subset content at 2, 4, and 12 weeks after GIFT15 B regs adoptive transfer.
Relative CD45.2 surface expression levels can be used to distinguish between microglia (CD45.2 dim CD11b ϩ ) and infiltrating macrophages (CD45.2 high CD11b ϩ ). We evaluated the relative dynamics of the CNS microglial and macrophage responses following adoptive transfer of GIFT15 B regs by assessing the percentage of CD11b ϩ cells that expressed low or high levels of CD45.2.
We did not find major differences in the CNS leukocyte profile in GIFT15 B regtreated mice relative to controls during the first month (data not shown). In contrast, at 3 months we observed that blood-derived infiltrate macrophages (CD45 high ) were increased in the CNS of mice treated with B cells (i.e., mice with ongoing EAE), whereas resident microglia (CD45 low ) content was similar to that observed in naive mice (Fig. 7A) . Mice in the GIFT15 B reg -treated group showed a comparable percentage of infiltrated macrophages to that observed in normal mice.
There was no obvious correlation between disease severity and the proportion of GR-1/Ly-6G ϩ , neutrophils (always Ͻ1%), in all groups of mice. Lymphocytes were increased in the CNS of B celltreated mice that showed signs of disease (CD45.2 ϩ CD11b Ϫ or CD45.2 ϩ GR1 Ϫ ).
A detailed analysis of the lymphocyte compartment revealed increases of both CD3 ϩ T cells (fourfold increase) and CD19 ϩ B cells (fivefold increase) in EAE mice. In mice treated with GIFT15 B regs , the percentages of B and T cells were similar to those in normal mice.
Accumulation of T regs was detectable in both EAE groups (i.e., mice treated with B cells or GIFT15 B regs ) when compared with normal mice. However, only in the group treated with GIFT15 B regs was a significant increase in Tr1 frequency observed compared with non-EAE mice ( p ϭ 0.006; Fig. 7B ).
IFN-␥-producing Th1 cells and IL-17-producing Th17 cells have been shown to drive EAE. To determine whether GIFT15 B regs have any effect on Th1 and Th17 cells, EAE mice were intravenously infused with GIFT15 B regs or B cells. One and 2 weeks after adoptive transfer, mice were killed, and their spleens, MLNs, and CNSs were collected and analyzed by flow cytometry. During the first week, a lower frequency of Th1 was observed in the spleens and MLNs of the GIFT15 B reg -treated group compared with the B cell-treated group. Interestingly, the major difference in the CNS of the animal treated with GIFT15 B regs was a lower frequency of Th17 cells over the 2 week investigation (Fig. 7C ).
Similarly, we tested the spleens and MLNs of EAE C57BL/6 mice for the presence of proinflammatory GMCSF-producing B cells, as was recently reported in the blood of MS patients (Li et al., 2015b) . We did not observe any significant difference between GIFT15 B reg -treated or B cell-treated mice over 2 weeks after adoptive transfer (data not shown).
Since the most significant features of EAE are inflammation and nerve fiber demyelination, we investigated the effect of GIFT15 B reg adoptive transfer on both of these parameters. Histological analysis of the brain of EAE mice reveled that GIFT15 B reg -treated mice had fewer infiltrating inflammatory cells than B cell-treated EAE mice ( Fig. 7D; p ϭ 0.02) . No major differences were noticed in the spinal cords of the B reg -treated mice compared with the B cell-treated mice (data not shown). 
Discussion
B regs are a functional subpopulation of B cells that exert their immune-suppressive function via the production of regulatory cytokines, such as IL-10 (Fillatreau et al., 2002) , TGF-␤ (Lee et al., 2011 ), IL-27 (Vasconcellos et al., 2011 ), and IL-35 (Wang et al., 2014 , and the expression of inhibitory surface molecules that suppress pathogenic T cells and auto-reactive B cells in a cell-to-cell contact-dependent manner (Klinker and Lundy, 2012) . Akin to our previously published report (Pennati et al., 2014) , we show that recombinant, bacterial-derived GIFT15 is able to convert a subset of splenic B cells into IL-10-secreting B regs . Consistent with other reports (Matsushita and Tedder, 2011; Li et al., 2015a) , we show with the GFP/IL-10 (Vert-X) reporter mouse model that the B cells capable of secreting IL-10 are enriched for the expression of CD1d and CD5. Interestingly, GIFT15 B regs express high levels of PD-1 and PD-L1, but not PD-L2. Moreover, we demonstrate that, in addition to IL-10 secretion, GIFT15 B regs also secrete IL-27, but not TGF-␤ or IL-35. Mechanistically, GIFT15 leads to asymmetrical signaling through the IL-15 receptor complex, which manifests as STAT3 hyperphosphorylation in the absence of STAT5 signaling for up to 48 h after stimulation. In an effort to identify other potential signal transduction pathways activated by GIFT15 stimulation, we interrogated noncanonical pathways of GMCSF and IL-15 signaling. We found that both GIFT15 and control cytokine treatment results in transient activation of Erk and sustained Akt activation.
While IL-10 expression is considered essential to the immunosuppressive properties of GIFT15 B regs , our result suggests that IL-27 may play a role as well. IL-27 is a member of the IL-6/IL-12 cytokine family and has been shown to have antiinflammatory properties. In vitro, IL-27 elicited the differentiation of Tr1-like cells (Wang et al., 2011) , which express IL-10 and have been more recently described to coexpress CD49b and lymphocyte activa- tion gene 3 (CD22; also known as Lag-3), a negative regulator of T-cell function (Gagliani et al., 2013) . The secretion of IL-27 by GIFT15 B regs may promote the differentiation of Tr1s in vitro and in vivo. Contrary to a recent report describing the role of B reg -derived IL-35, we did not detect this cytokine in media cultured by GIFT15 B regs . It is possible that the mechanism by which GIFT15 promotes differentiation of B regs is distinct from the one dependent on IL-35 (Wang et al., 2014). Independent of IL-10, Figure 5 . Dynamics of GIFT15 B reg biodistribution. GIFT15 B regs ameliorate EAE, and induce in vivo formation of CD25 ϩ FoxP3 ϩ T regs and CD49b ϩ CD223 ϩ Tr1s in mice with EAE. A, Real-time IVIS imaging with GIFT15-luciferase-B regs or luciferase-B cells. MOG-immunized C57BL/6 mice were injected with 5 ϫ 10 6 B6-L2G85-GIFT15 B regs or B6-L2G85 B cells, and they were imaged every day for 2 weeks. B, Flow cytometry plot of GFP-GIFT15 B regs or GFP-B cells after adoptive transfer in EAE C57BL/6 mice. Immunized mice were injected with 5 ϫ 10 6 cells. After 7 d, the animals were killed (n ϭ 5), and spleens, MLNs, and CNSs were collected. Leukocytes were isolated and analyzed by flow cytometry. Data are representative of two independent experiments with n ϭ 5 mice in each group.
B-cell production of TNFSF18, a soluble ligand for GITR, was reported to be required for the induction of protective T regs in mice with EAE (Ray et al., 2012) . However, we were also unable to detect this molecule in media cultured by GIFT15 B regs .
Using Vert-X reporter mice, we show that GIFT15 B regs were able to induce IL-10 expression in activated CD4 ϩ T cells. CD4 ϩ T cells isolated from the spleen of Vert-X mice and cultured with GIFT15 B regs were not induced to secrete IL-10. However, Vert-X CD4 ϩ T cells stimulated with anti-CD3/28 beads and cocultured with GIFT15 B regs displayed a dramatic increase in the proportion of cells secreting IL-10. More physiologically, we wished to determine whether CD4 ϩ T cells could respond in a fashion similar to that of their cognate antigen. To test this, CD4 ϩ T cells were isolated from the spleens and MLNs of MOG 35-55 -immunized Vert-X mice, and stimulated ex vivo with MOG 35-55 peptide in the presence of GIFT15 B regs or splenic B cells. While we did not detect significantly increased IL-10 expression in MOG 35-55 peptiderestimulated CD4 ϩ T cells cocultured with GIFT15 B regs , we did observe that CD4 ϩ T cells from both spleens and MLNs had increased proportions of CD25 ϩ FoxP3 ϩ T regs . Further, in the presence of GIFT15 B regs we observed significantly greater CD4 ϩ T cells that were CD49b ϩ CD223 ϩ Tr1s compared with CD4 ϩ T cells cocultured with splenic B cells. While there have been reports of B reg induction of conventional T regs, we believe this is the first report of in vitro induction of Tr1s by B regs (Chai et al., 2008; Schreiber et al., 2010) .
In vivo, adoptively transferred GIFT15 B regs home to MLN and spleen, leading to an increased frequency of endogenous FoxP3 ϩ and Tr1 CD4 ϩ T cells, which may play a direct role in attenuating Vert-X mice treated with GIFT15 B regs or B cells (2 ϫ 10 6 cells/mouse, n ϭ 10 per group). Data are reported as the mean Ϯ SEM. The data are representative of two different experiments. B, Two-parameter contour plots show CD3 vs CD4, T reg (CD25 vs FoxP3), and Tr1 (CD49b vs CD223) expression in spleen and MLN after 1 week of GIFT15 B reg or B-cell adoptive transfer in EAE mice. The gating strategy was as follows: the lymphocytes were gated according to their side-scatter and forward-scatter properties, and CD4 ϩ cells were gated from lymphocytes. CD4 ϩ cells were stained for T reg or Tr1 phenotype. GFP/IL-10 vs SSC is the frequency of either T regs or Tr1s, respectively. C, Bar graphs are the mean Ϯ SD values of two independent experiments (biological replicates) with n ϭ 6 per group. p Values were calculated using the two-tailed Student's t test: *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. Figure 7 . Profile of infiltrating leukocytes in the CNSs of mice with EAE 3 months after adoptive transfer of GIFT15 B regs. CNS monuclear cells from naive C57BL/6, MOG 35-55 -immunized mice with EAE treated with B cells or GIFT15 B regs were analyzed 3 months after immunization. A, The gated populations represent microglial cells (CD45.2 int CD11b ϩ ), macrophages (CD45.2 hi CD11b ϩ ), and leukocytes (CD45.2 hi CD11b ϩ ). Infiltrating lymphocytes were stained for the presence of CD4 ϩ , CD8 ϩ , CD25 ϩ , FoxP3 ϩ , CD49b ϩ , and CD223 ϩ . The data (Figure legend continues.) EAE. One week after the adoptive transfer of GIFT15 B regs , we observed an intense increase in the proportion of both T regs and Tr1s in the spleen. To a lesser extent, but in a more sustained fashion, we observed an expansion of T regs and Tr1s in MLN. In the CNS, an increase of T regs and Tr1s was evident only 1 month after adoptive transfer (Fig. 8 ). While this is the first demonstration of the GIFT15 B reg -dependent increase of T regs in mice with EAE, the role that T regs play in the autoimmune pathogenic scenario of EAE is well established (Buc, 2013) . Less well characterized is the role of Tr1s in EAE. Several reports indicate that Tr1s are protective through their provision of IL-10 and inhibition of Th17 differentiation in an IL-27-dependent manner (Diveu et al., 2009) . Interestingly, in humans, it has been reported that MS patients exhibit impaired Tr1 differentiation and IL-10 secretion by Tr1s (Astier and Hafler, 2007; Martinez-Forero et al., 2008) . We hypothesize that adoptive transfer of GIFT15 B regs induces an expansion or differentiation of regulatory T cells, both T regs and Tr1s, with IL-10secreting capabilities, which ultimately relocate to areas of active inflammation within the CNS of EAE mice.
Mice treated with GIFT15 B regs had fewer CNS-infiltrating macrophages compared with B cell-treated mice with EAE, with levels similar to that observed in normal, non-EAE C57BL/6 mice. In the CNS of mice with EAE, microglia/macrophage activation has been shown to lead to the secretion of proinflammatory cytokines and antigen presentation. We show here that GIFT15 B reg -treated mice with EAE have fewer CNS-infiltrating macrophages compared with EAE mice treated with B cells, a finding that correlates with their disease remission. Additionally, mice with EAE showed a higher recruitment of lymphocytes in the CNS, both T cells and B cells, a sign of compromised bloodbrain barrier function. In contrast, mice treated with GIFT15 B regs had levels of lymphocyte infiltration that were similar to those of normal, non-EAE mice. Further analysis of CD4 ϩ T cells revealed a moderate increase of T regs compared with normal mice. An increase in T regs population in mice with EAE has been previously observed (Koutrolos et al., 2014) . Indeed, during EAE, T regs enter the CNS, where they may locally regulate pathogenic inflammation (Stephens et al., 2005) , a phenomenon augmented by the adoptive transfer of GIFT15 B regs. Consistent with our results, a persistent decrease in autoreactive Th17 in the CNS of the GIFT15 B regs -treated mice was observed compared with the group adoptively transferred with B cells. Similarly, H&E and LFB staining of brain sections reveal the absence of pathologic autoimmunity in the mice that received GIFT15 B regs .
We have previously shown that adoptive transfer of syngeneic, but not allogeneic, GIFT15 B regs can induce EAE remission in an MHC-II-and IL-10-dependent manner (Rafei et al., 2009 ). These aggregate findings suggest that GIFT15 B regs likely interact with CD4 ϩ T cells in vivo as part of their physiology. Here, we have shown that GIFT15 B regs do not directly migrate to an inflamed EAE CNS, but rather home to MLN and spleen, and dissipate within 2 weeks. We show that GIFT15 B regs home to the MLN and spleen, where they may directly interact with CD4 ϩ T cells in a manner that leads to an augmentation of endogenous IL-10 ϩ T regs and Tr1s, which latterly home to and accumulate in inflamed CNS, altering the lymphomyeloid brain compartment to a pattern seen in noninflamed normal brain (Fig. 8) . These observations support the notion that pharmacological augmentation of autologous B cells to a GIFT15 B reg functionality may allow for adoptive cell therapy of multiple sclerosis (Ray et al., 2014) . We and others (Habib et al., 2015) have shown that the endogenous content of circulating B regs in human subjects with and without MS is surprisingly low and that Ͻ1% of blood B cells fulfill a B reg definition.
Conclusion
In our EAE murine model, we administered the equivalent of three doses of 100 million cells/kg intravenously. Extrapolating to human translation, any attempt to collect and enrich a sufficient number of endogenous B regs from blood would be logistically unfeasible. Therefore, the demonstrated property of GIFT15 to convert ex vivo resting blood B cells to B regs would foreshadow the possibility of exploiting an autologous augmented B-cell therapy for MS. This strategy differs from the clinical use of alternate autologous suppressor cell types for autoimmune disorders, such as T regs (Clinical trial reg. no. NCT02428309, clinicaltrials.gov), as we show that B regs appear to launch a pan-IL-10 ϩ CD4 T-cell response in vivo that is durable and CNS tropic, far outlasting the B regs initiators. Last, though GIFT15 B regs are pharmacologically activated, we speculate that their functionality likely reflects that of endogenous B regs and may provide the insight that B reg biology may play a key role in the physiopathology of maladapted immune responses seen in EAE/MS and possibly other autoimmune disorders.
( Figure legend continued. ) are representative of two independent experiments with n ϭ 6 per group. B, The bar graph is the mean Ϯ SD of two independent experiments (biological replicates) with n ϭ 6 per group. C, Frequency of Th1 and Th17 in spleens, MLNs, and CNSs of EAE C57BL/6J mice 1 and 2 weeks after adoptive transfer analyzed by flow cytometry (n ϭ 4). D, H&E stain showed the infiltration of inflammatory cells in white matter. Arrows indicated infiltration of inflammatory cells. Luxol Fast Blue stain showed areas of intact myelin (blue) and demyelination (light blue-pink). Statistical analysis of infiltrating lymphocytes and demyelination score (n ϭ 4). p Values were calculated using the two-tailed Student's t test: *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. 
